Electronic charge densities are calculated as a function of position in the unit cell for seven diamond and zincblende semiconductors using wavefunctions derived from psetidopotential band structure caJculations. Detailed plots cf the charge density are presented in the (1, -1,0) plane for each valence band ()f Ge, GaAs, and ZnSe arid for the sum of the valence bands of Ge, GaAs, ZnSe; a-Sn, InSb, CdTe and Si. Trends in bonding and ionicity are discussed in detail. The covalent bonding charge is also calculated for these crystals and is plotted against the ionicity scales of Phillips and VanVechten and of Pauling.
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Introduction
We present 1 here calculations of the electronic charge density for Ge, GaAs, ZnSe, a-Sn, InSb, CdTe, and Si (each of which has either the diamond or zincblende crystal structure). The results of the charge density calculations are used to analyze the bonding properties of these crystals. Studies of bonding properties have recently received 2 -7 a great deal of attention from , solid state physicists, and we hope the detailed calculations presented here will ~oth aid in clarifying the appropriateness of the current models used and will result in calculations of properties of interest to solid state chemists and phYSicists. '
The charge density was calculated using wavefunctions obtained from band structure calculations for these materials. The band structures were computed using the pseudopotential method. 8 Since the wavefunctions can beobtaine~ for each valence and conduction band individually, the charge density was calculated band by band for each material. Although the variation of the charge distribution with band index or with changes in elements may not yield accurate quantitative results, observation of trends occuring in a series of crystals can yield a. phYSical picture for why crystals behave as they do. For some of the crystals the charge denSity for the first conduction band (assuming it were filled with carriers) is given showing the free .electron nature of this band.
-Finally to illustrate the bonding nature of these solids the charge density distributions are used to compute covalent bonding charges, which in turn are used to compute the critical ionicity, fc' which separates 4-fold coordinated and 6-fo ldcoor dinated diatomic crystals.
..
Calculations
The electronic wavefunctions used in the charge density calculations were obtained from the band structure calculation based on the pseudopotential method. 8 Briefly the method involves solving a secular equation for the pseudopotential Hamiltonian which has the form (1) To take advantage of the crystal symmetry, the weak crystalline pseudopotential -+ V(r) is expanded in the reciprocal lattice
where e is a reciprocal lattice vector. For two atoms per cell (diamond and zincblende structures) it is convenient to express Vee) in terms of atomic -+ -+ pseudopotential form factors V 1 (G) and V 2 (G) in the follow ing way
where VS(G) and 0(G) are the symmetric and antisymmetric parts of the -+ potential, the basis vector· t = a/8 (1, 1, 1), and a is the lattice constant. In terms of atomic potentials 
V](G) = ~JV](r:) e-iGor: ct 3 r 2 2 (6) where Dis the volume of the unit cell. electrons. In particular, the charge density for each valence band may be written
:,.
-5 -where the summation is over all states in the Brillouin zone. 10
To obtain adequate convergence in calculating Il/J k 1 2 , it is necessary n, to represent each l /J k in an expansion of about 90 plane waves. 11 The n, wavefunctions are evaluated on a grid of 3360 points in the Brillouin zone.
The coordinates of the grid points are given by (1/16)(2s+1, 2m+1, 2n+1) units of (2'TT/a), where s, m, and n are integers.
To illustrate the results and show the bonding characteristics in detail, the charge density. PnCr) is evaluated at over 1500 points in a plane which intersects both atoms in the primitive cell. The plane chosen is a (1, The charge distribution is "s-like" in bands 1 and 2 (charge concentrated near atoms) and "p-like" in bands 3 and 4 (charge concentrated in the covalent bonds).; The trend in going from band 1 to band 4 is the increase of charge in the covalent bonds, Of course, this is consistent with the idea t.hat those electrons less tightly bound to the Ge atoms are more likely to be engaged in covalent ... 7 -bonding. Covalent bonding is seen to be an important factor in the total valence charge distribution (Fig. 6 ).
It is interesting to consider what the charge distribution would be if there were enough electrons to fill band 5, the first conduction band (Fig. 7) . The result for Ge is that the fifth band has a nearly constant charge density distri-
bution. An exactly constant spatial charge distribution would signify a free electron distribution, so the results for band 5 are consistent with electrons which are essentially free electrons .
. GaAs: In band 1 a significant portion of the charge density is in the neighborhood of the As ion (Fig. 8) . The reason for this becomes clear if one considers a hypothetical crystal of GaAs with the electrons removed. If enough electrons are put into the crystal to fill the first band, the electrons will be attracted \' more to the As +5 ion than to the Ga +3 ion, causing the As iori now to appear as As +3. This distribution clearly has s-like character. In band 2 the charge distribution shows much more covalent character and is now displaced toward the· Ga ion slightly (Fig. 9) . This distribution appears tobe a mixture of s andp character, i. e., there is charge at both the ion sites and the bonding sites. In bands 3 and 4 the covalent charge build-up is even greater and the charge distribution clearly favors th~ As' ion (Figs. 10, 11 ). This is clearly p-like bonding, since there is a negligible amount of charge density at the ion sites and a high charge density at the bonding sites. :The sum of the valence bands clearly shows the covalent bonding charges, displaced towards the As atom (Fig. 12) . Band 5 is free-electron-like, although it is not as pronounced as band 5 of Ge. For both Ge and GaAs it is clear that band 5 shows no evidence .. of covalent bonding charge. This is precisely in the opposite direction to the normal bonding site. This is similar to the so-called anti-bonding site predicted for excited states by . . 12 molecular orbital theory.
There is also a peak in the charge density at the site of the Se ion, but there is no concentration of charge at the covalent bonding sites.
Sn, InSb, CdTe: The elements in this series of semiconductors are all in the fifth row of the Periodic Table, and (Fig. 23) is included for completeness. The discussion for Ge is also appropriate for Si.
Application to bonding
For the two series of crystals (Ge, GaAs, ZnSe and Sn, InSb, CdTe) we have discussed, the most noticeable trend is the piling of charge on the anion and a corresponding reduction of the covalent bonding charge. Thus the covalent bonding becomes weaker as the crystals become more ionic.
The covalent bonding charge Z, may be calculated as follows: o (8) .,. We have attempted to obtain f from our calculation of bonding charge. c
The idea is that the atoms in crystals of 4-fold coordination form tetrahedrallydirected covalent bonds through hybridi~ation of (e. g. (sp 3) in Ge) orbitals, and that crystalsf'of 6-fold coordination no longer form directed bonds but are held together by electrostatic forces. For an homologous series of crystals of increasing ionicity, the covalent bonding weakens as the ionic bonding becomes stronger. When the amount of charge in the covalent bond approaches zero, the configuration of tetrahedrally-directed bonds is no longer stable. Consequently, it is reasonable to speculate that a phase transi-.
tion to a different crystalline structure occurs as the covalent bonding charge is close to zero.
To test this hypothesis we have plotted in ( Fig. 24 ) 15 When the bonding charge Zb is plotted/against Pauling's ionicity scale, the curve passing through the series Ge, GaAs, and ZnSe gives a zerocovalent-bonding ionicity of 0.80, which is the value empirically determined.
by Phillips for the critical ionicity using Pauling's scale .. The curve passing through the series Sn, InSb, and CdTe gives a critical ionicity of 0.61 which does not agree very well with the above value. We conclude therefore that for . 
lonicity

